Abstract-A spaceborne SAR is proposed, aimed at global monitoring with a short revisit time (12 days). Such a system is not feasible in a conventional STRIPMAP mode, due to the known relation between range coverage and azimuth antenna length. However, it can be achieved in burst mode SARs, like ScanSAR and TOPSAR. We detail the design of ScanSAR and TOPSAR sensors, we provide a scheme to optimize the burst length in TOPSAR, and finally we discuss an innovative burst-mode scheme, defined as TOPS-SPOT. The performances of the three schemes are analyzed in terms of scalloping, Noise Equivalent Sigma Zero (NESZ), and ambiguities and are validated with simulated results achieved by assuming point targets on the ellipsoidal earth.
I. Introduction
In STRIPMAP SAR the azimuth resolution, the swath width, and the antenna size are closely related. This relation prevents the coverage of large swaths, unless a large and unfeasible antenna is used, as it will be briefly reviewed. The swath width, in slant range, is bounded by the time interval between two echoes, the Pulse Repetition Interval, T P :
where the factor k R accounts for the transmitted pulse length (the duty cycle), plus some additional margin that yields k R <= 0.6. The Pulse Repetition Frequency, PRF, f a = 1/T P , is larger than the wavenumber interval spanned by the antenna aperture:
where λ is the wavelength, L a the azimuth antenna length, v s is an equivalent velocity, very close to the sensor velocity (it is exactly the sensor velocity in an ideal, straight geometry, see (Cumming & Wong, 2005) for more details), ∆ψ the nominal antenna angular aperture, i.e. ∆ψ = λ/L a , and k o an oversampling factor that governs the azimuth ambiguities (we may assume k o ∼ 1.4). The upper bound for the slant range coverage is derived combining (1) and (2):
where the numeric value refers to ERS, but it more or less closely represents any spaceborne mission orbiting at ∼800 km height. Expression (3) compares with the one derived in (Freeman et al. , 2000) for a different purpose, and limits the swath width for a sensor with a 10 m wide antenna to about 48 km (slant range) corresponding to 110 km (ground range) at steep incidence angles (ERS and ENVISAT achieve coverage close to this value).
The revisit time achievable from such systems can be computed by assuming 100 minutes per orbit, corresponding to 14.4 orbits per day. If we assume a swath of 100 km, we would need at least 400 orbit for getting global coverage at the equator, for a repeat pass of ∼ 28 days (for ERS and ENVISAT, we have 501 orbits in 35 days). Therefore, the design of a short-revisit interval, global coverage SAR surveillance system appears to be impossible but a solution is provided using burst mode ScanSAR. The antenna beam in elevation is periodically switched to illuminate N range subswaths, on a time-division basis. The sensor transmits and gathers a set of echoes on each subswath and then switches the beam to another one. Compared to a STRIPMAP SAR, the azimuth resolution is reduced by a factor of N s by the reduction of the target observation time (hence, the Doppler bandwidth), but the strip coverage can be maintained. In practice, we image N s subswaths, getting a total coverage from (3)
with an azimuth resolution
and a Noise Equivalent Sigma Zero (NESZ) that closely approaches that of the STRIPMAP mode. In this paper, we focus on the design of a high resolution space-borne sensor intended mainly for interferometric applications. The target mission is similar to the forthcoming GMES-Sentinel 1 of ESA (Attema, 2005) , a C-band sensor orbiting at 700 km height, that would correspond to an orbit of 99 minutes, and 175 orbits in 12 days. A global coverage would require a swath width of 230 km, and such constraint prompts the burst mode. The most relevant parameters and requirements are listed in Tab. I. 
II. Burst mode SARs
The 230 km ground swath coverage required for the target mission is at least three times larger than the one allowed in STRIPMAP SAR, according to (4). Therefore, the choice of a burst mode SAR is mandatory. In the design we exploited both 3 and 4 subswaths solutions, and we found the second choice to be better, as for PRF flexibility and NESZ performances. This choice would imply an azimuth resolution not better than 20 m, whereas the design goals in terms of DTAR and NESZ are shown in Tab. I.
Up to now, two different scan schemes have been proposed for burst mode acquisitions, namely ScanSAR (Moore et al. , 1981) and TOPSAR (De Zan & Monti Guarnieri, 2006) . The two systems exploit quite different principles to ensure the continuous coverage of the ground strip at a coarse azimuth resolution: the idea is shown in Fig. 1 . The figure refers to a simplified, ideal, where the sensor moves on a straight orbit with velocity v s and sources are on flat earth. These assumptions are sufficient to explain the fundamental ideas, however, departures from this ideal geometry will be introduced when necessary. We furthermore assume that the sensor beam center is pointing at zero Doppler, e.g. a perfect yaw steering. 
A. ScanSAR
In a ScanSAR system, shown in Fig. 1 .a, the time interval associated with the antenna practical footprint T F is divided into N s short bursts, of time extent T B ("burst time"). Each target is observed for a time interval T D ("dwell time"), that -for ScanSAR-equates the burst time. The full coverage is ensured by imposing that the sum of the dwell times of all the bursts is lower than the footprint time. The scan repeat time, T C (also "cycle time"), is then subject to the following conditions:
where T D (n) is the dwell time for the n-th swath and R(n) the rank, the number of pulses lost when switching the antenna pattern. In (7), the factor N l accounts for the possible revisit of the same swath to get different, independent looks, used to average scalloping. In the current design, intended for interferometric applications, we choose N l = 1 to attain the highest resolution, to get a lower loss of coherence for volume scattering and clutter.
The azimuth resolution is approximately:
where v g is the footprint velocity (v g = v s in the straight geometry). Once that the desired azimuth resolution in set, the dwell times are found according to (8), and then the cycle time results from (6). The cycle time in turn imposes the total processed Doppler bandwidth:
In principle, B T should be a fraction k o of the PRF, as results from (2), in order to get good DTAR and NESZ performances. However, the flexibility in ScanSAR design is only got by reducing the azimuth resolution. As the target illumination time (dwell time) is shorter than the footprint time, each target is illuminated with different portions of the Azimuth Antenna Pattern. The fact is shown in Fig. 2 .a that draws the Impulse Response Function (IRF) of three targets at different azimuth angles/positions. The azimuth-varying antenna pattern illumination is responsible of many unwanted artifacts in ScanSAR imagery as amplitude scalloping, fluctuations of ambiguities, and NESZ. The former effect is mostly a limit for detected image applications: its removal is very difficult as an accurate knowledge of the local Doppler centroid and Clutter to Noise Ratio (Bamler, 1995) is required, together with a complicated space-adaptive processing. However, scalloping and NESZ variations have a small impact on the interferometric phases, mostly dominated by clutter and scene decorrelation.
However, DTAR fluctuations with azimuth have a great impact in repeat pass interferometric systems, particular if we assume 100% alignment between the scan patterns in repeat track acquisitions. In that case, we expect a systematic degradation of quality in the same ground locations (targets at the edges of the antenna beamwidth). This would be a major constraint in the design of such a system.
B. TOPSAR
TOPSAR or Swept Beam ScanSAR, provides the same effect with a different principle, as shown in Fig. 1 .b (De Zan & Monti Guarnieri, 2006) . We assume that the sensor beam can be steered in azimuth direction as well as in range. The antenna scans cyclically, using bursts like ScanSAR, but longer than the footprint time. The resulting overall repeat cycle is much longer then with ScanSAR. The continuous coverage is maintained by sweeping the Antenna Azimuth Pattern (AAP) from aft to fore, anti-SPOT -like. Considering the geometry in Fig. 1 .b, we assume the antenna beam to rotate at a negative rate k ψ [rad/s], so that it points in the direction:
τ being the slow time, here assumed with origin in the burst center. The pulse to pulse rotation is quite small, and thus the azimuth ambiguity ratio is that derived from the AAP and the PRF. The Doppler history of a generic target located at slow time τ 0 is weighted with a reduced aperture AAP, whose normalized 2D amplitude gain would be
R 0 being the closest approach. The last factor in both expressions accounts for the rectangular burst windowing. Each target is illuminated by the steered antenna for a ground footprint that is equivalent to that of a fixed antenna, but shrunk by a factor:
If we ignore the effect of the burst window, the last factor in (11), we observe that each target Doppler history is illuminated in TOPSAR by the same sinc 2 pattern of an equivalent STRIPMAP SAR where the antenna length is scaled by a factor α, i.e. L e = αL. This factor shrinks the illumination, as shown in Fig. 2 .b, and it is responsible of an increase in the azimuth resolution cell by the same factor: ρ az ∼ αL/2. The burst windowing, the last term in (11), is the one that in ScanSAR is responsible of scalloping. However TOPSAR can be designed to be scallopingfree just by making the burst so large to prevent that window to cut out the main lobe of the target illumination. This turns in the following constraint on T B , derived from (11):
If this constraint is met, the effect of burst window would be assimilated to the azimuth ambiguity, and its impact on the radiometric quality will be a second order with respect to ScanSAR' scalloping. Moreover, as the TOPSAR burst is much longer than with ScanSAR, the losses due to the antenna switching (the rank) are reduced.
III. System design The most relevant elements involved in the design of a burst mode system to achieve the performances in terms of resolution, coverage, ambiguities and NESZ in Tab.I are briefly detailed in this section. An innovative scan scheme is proposed at the end.
A. PRF selection
The selection of the PRF is critical to optimize the system performances. The choice is constrained by Nadir returns and energy irradiations, to be avoided within the sampling window time. These constraints are shown in the diamond diagram in Fig. 3 . The vertical stripes corresponds to Nadir returns: this return may provide a very strong echo that, once focused, lasts a few pixels. The pixels can be discarded when at the beginning or at the end of the swath. The width of these strips accounts for possible variations in the sub-satellite height. The almost horizontal strips in the diamond diagram account for the irradiation intervals. These constraints make the PRF selection a difficult function of the swath coverage, responsible of the strong jumps shown in the proposed solution. In designing the PRF setting, margins have to be assigned due to changes of the acquisition geometry, depending on the update rate of the setting for the desired global coverage, on the overlap between swaths, and the size of each swath. Moreover, the PRF is fundamental both for azimuth ambiguities and NESZ. The control of these effects has been achieved using a genetic algorithm, and its block diagram is shown in Fig. 4 . The results, shown in the diamond diagram in Fig. 3 and detailed in the swathdependent parameters in Tab. III-A, provide improved performances.
B. Grating lobes
The implementation of a TOPSAR scheme requires steering the AAP on the fly. We assume here that the antenna is always pointing at zero-Doppler, i.e. the yaw steering is implemented mechanically, an that the TOPSsweeping is implemented by an electronic steering . In fact, the update rate, within a few echoes, demands for a phased array to be formed with a discrete number of rows/columns. The beamforming introduces grating lobes that become relevant at the highest squint angles. To evaluate this impact, we assume a simple antenna model of N = 2N g + 1 (odd) uniformly illuminated radiating elements (columns) aligned on the along track direction, as Fig. 5 shows. In the figure, ψ represents the squint angle, and C i,T , C k,R the excitation coefficients for transmission and reception respectively.
An ideal normalized directivity gain in azimuth (1-way), is assumed for each element:
where L e represents the length of the single element. The 2-way normalized azimuth directivity of the whole antenna is then:
where G T and G R denote the transmit and the receive directivities. They can be computed by the plane wave approximation in the far field:
where D = L e = L a /N is the distance between two columns. Given the antenna steering law in TOPS mode, Ψ(τ ), the excitation coefficients C T , C R are given by:
where ∆τ accounts for the transmission/reception delay, and a k,T , a k,R are excitation coefficients amplitudes. The AAP is plotted in Fig. 5 for different values of the squint angle. The grating lobes are due to the periodicity of the complex exponentials in (14), and are located at angles (Doppler frequencies) that are integer multiples of the nominal width of the lobe of the single panel: ψ − ψ 0 ±k · λ/D, where k is an integer and ψ 0 the squint angle at which the AAP is steered. Their amplitude is weighted by the antenna panel directivity, G e (ψ), that is -13 dB for the first lobe. As an example, (14) predicts for ψ 0 = −1 o , a secondary lobe of -8 dB at ∼ 2 o as Fig. 5 shows. Such a value has a significant impact in the TOPSAR performances as the antenna steering increases: in practice we expect ambiguities to be no longer azimuth invariant as it should be with an ideal antenna.
C. ScanSAR design and TOPSAR optimization
The design of the ScanSAR timeline is completely defined by the resolution and the coverage: (6) and (8) have been exploited to derive the timeline reported in Tab. III-A. The coverage of the scene can also be verified in the slow-Time / Frequency Domain (TFD) diagram in Fig.  6 .a. The figure shows two consecutive bursts, the AAP gain, superposed in colors and the Doppler histories of some targets, that are marked as lines slanting a negative angle equal to the Doppler rate. The target zero-Doppler location corresponds to the horizontal axis intercept. The azimuth-dependent amplitude effects are quite evident by looking at the AAP illumination on the target trajectories.
The TOPSAR acquisition in the TFD is represented in Fig. 6 .b. Sweeping the AAP (going upwards, opposite to the Doppler rate) allows long bursts. The Doppler histories of the targets are illuminated with the same AAP, accounting for the azimuth-invariant performances of TOPSAR. The continuous strip coverage is achieved by imposing that the last target processed in burst n, marked as "Q", is the first one in the main AAP beam in the subsequent burst. The following condition holds for each subswath:
where k d is the antenna Doppler centroid rate:
Equations (6) and (15), lead to the TOPSAR timeline design. The following set of inequalities should be verified for each subswath n = 1 . . . N s
(17) The longer the burst, the less influent is the impact of both the dwell time, T D , and the pulses lost during the switching, the term R(n), (see (6) AND Tab. III-A), hence better performances are expected. Asymptotically, for very long bursts, the lower bound for the antenna Doppler centroid rate is:
whose value is N s −1 if we assume all the bursts of the same length. However, the antenna squint will increase with the burst length, hence a significant impact of grating lobes on DTAR is to be expected, causing a drop of performances. In practice, grating lobes limit the maximum burst length, and the spanned target Doppler bandwidth. One of the advantages of TOPSAR with respect to ScanSAR is the possibility of tuning of the antenna sweep rate in each subswath, equalizing the effects on ambiguities provided by the PRF changes shown in the diamond diagram of Fig. 3 . In the paper (De Zan & Monti Guarnieri, 2006) , an optimal tuning is found as a closed form solution of the ambiguities minimization problem, in the case of an ideal antenna pattern. That optimization does not account for the effects of the grating lobes, strongly dependent on the PRF setting, that folds them to lower Doppler frequencies. In order to clarify this fact, Fig. 7 shows the AAP with two different selections of PRF, properly selected as a best case, when most of the grating lobes energy is folded outside the processed bandwidth and, opposite, the worst case. The difference in the two configurations accounts for 3 dB variation in DTAR. This makes the system optimization a complex task. 1) TOPSAR optimization: A refined optimization of TOPSAR mode has been performed based on a detailed control of DTAR and NESZ. The optimization is based on a system simulator and a measure of performances. The DTAR and NESZ have been evaluated by locating a set of point targets on the ellipsoidal earth. The simulation included the actual antenna model (14), and assumed 6-bit quantized values both for the antenna steering law and the excitation coefficients. An example of such distribution of targets is shown in Fig. 8 , together with the range focused and the azimuth focused datasets. Focusing has been achieved by the optimized algorithm described in (De Zan & Monti Guarnieri, 2006) . The figures show the ambiguous returns that would affect the target at the center of the swath. Notice that these returns can be either measured in the range focused or in the azimuth focused domain. The former solution is preferred as it removes any contribution due to focusing.
The NESZ has been derived by exploiting the radar equation and accounts for the 2D signal and noise power spectrum.
The schematic block diagram of the TOPSAR optimization is shown in Fig. 9 . The tool is based on the afore mentioned genetic algorithm to provide a population of settings (burst length, and thus antenna steering law) for each subswaths, and to select the most likely to fulfill DTAR and NESZ design goal.
2) Results and comparison: The optimization algorithm here detailed has been exploited to provide settings fulfilling the constraints in Tab. I, and assuming a 10 columns antenna. The resulting setting is listed in Table III-A. The timeline is represented in figure 10: one can appreciate the changes in antenna rate while covering the scene.The resulting performances in terms of DTAR and NESZ are shown in Fig. 11 , as a function of the target position in azimuth and compared with the ScanSAR ones. Notice how both systems achieve similar performances on the average. The ScanSAR DTAR and NESZ fluctuate several dB, depending on the target location. Furthermore notice the TOPS optimization algorithm was effective in equalizing the performances in all the subswaths.
For a fair comparison, the DTAR achieved by the algorithm described in reference (De Zan & Monti Guarnieri, 2006) are shown in Fig.12 , to be compared with Fig. 11 . Notice that the optimization scheme was able to better equalize the performances of the different subswaths.
A further analysis has been made to appreciate the sensitivity of the TOPSAR solution with respect to the burst extent and the number of antenna columns. Performances in terms of NESZ and DTAR have been evaluated as a function of the burst length, and for different numbers of antenna columns. The results are shown in Fig. 13 . Notice that, within the current setting, the asymptotical improvement of DTAR and NESZ that can be obtained with very long bursts is in the order of 2 dB or less. Longer bursts demand for a 15 or 20 columns antenna. On the other hand, within the current optimization, a improvement of 1 dB in DTAR can be achieved by exploiting 15 columns instead than 10.
IV. TOPSPOT-SAR
The current availability of azimuth antenna steering technologies opens a wide range of possible scanning schemes, only exploited in minimal part, up to now. The TOPSAR scheme represents a solution that maintains a Normalized half burst time uniform antenna pattern illumination on all the targets, providing scalloping-free datasets. An alternative of TOP-SAR (indeed, one of the many), could be the TOPSPOT-SAR scanning shown in Fig. 14 . The system is actually a combination of a TOPSAR and a SPOTSAR scanning. While affected by some scalloping, it has two major advantages with respect to TOPSAR: (1) a better exploitation of the antenna illumination, that is mostly focused on the target of interest, (2) a reduction of the maximum antenna squint with obvious benefits for the grating lobes. The figure 14 plots the AAP illuminating four targets at different slow times. The target marked as "A" is illuminated in TOPSAR mode, hence resembling STRIPMAP SAR. Targets "B " and "C " have parts of their Doppler histories illuminated in TOPSAR mode, and parts in SPOT mode. The target marked as "D" is fully illuminated in SPOT mode, with constant antenna gain. However the antenna gain is so low there, to discourage the processing of such target in order to avoid ambiguities and noise. Therefore, we assume that the last processed target is the one marked as "C ", that is illuminated with the center of the antenna beam, and it is used to impose the strip coverage. The TFD of the proposed mode is shown for the four swaths in Fig. 15 . Notice that in this last scheme, we have only modified the steering law of the antenna and we did not attempt to change the illumination pattern, on the fly, as it would indeed be possible. For instance, we see that some scatterers in the burst (namely B in figure 15 ) are illuminated for a time longer than others (say A or D), and thus their spatial resolution is higher. This would open up new possibilities: there is room for an optimal design that while reintroducing a limited scalloping both in resolution and in amplitude, would maximize the average resolution. This could be done by avoiding to spill energy outside the illuminated area, and then identifying the optimal time evolution of beam direction and beam width simultaneously. Obviously, this would depend on the number of tiles etc., and will need further analyses. Comparison between TOPS-SAR and TOPSPOT SAR performances in terms of DTAR and NESZ.
V. Acknowledgments
The authors wish to thank Dr. G. Levrini and Dr E. Attema for proposing and motivating this theme of research, and the European Space Agency for sponsoring the work.
VI. Conclusions
Two different solutions, based on burst acquisition modes, capable of providing frequent revisit (12 days), large swath coverage SAR's, have been analyzed: ScanSAR and TOPSAR. This last has shown better performances due to an uniform antenna pattern illumination. However, the squint dependent behavior induced by the discrete element antenna structure has strong influences on ambiguities performances. An optimization scheme has been proposed to provide the best DTAR and NESZ, accounting for the most possibly faithful model of the acquisition. The optimized TOPSAR performances are uniform along azimuth, and comparable to ScanSAR, in the average, without its fluctuations of several dB.
Finally a novel acquisition scheme that combines TOP-SAR and SPOTSAR has been presented. This mode is no more scalloping free, however it is less influenced by grating lobes, and provides a better exploitation of the antenna illumination.
